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Abstract
Heat exchangers are the main components in refrigeration and liquefaction systems, particularly in the liquefaction of natural gas,
where the gas being condensed is a multicomponent mixture. The study of the two-phase condensation region is important for the
design of heat exchangers. This paper studies heat and mass transfer characteristics of zeotropic mixtures condensation by four
diﬀerent models, including equilibrium and non-equilibrium conditions. The eﬀects of heat and mass transfer resistances on the
condensation process are analyzed, and the required pipe lengths are compared. It is found that the mass transfer resistance in the
vapor phase has a signiﬁcant inﬂuence on the condensation length, and that it overweighs heat transfer resistance in the vapor phase
in the present case study.
c© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientiﬁc Committee of TGTC-3.
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1. Introduction
Heat exchangers are the main components in refrigeration and liquefaction systems, particularly in the liquefaction
of natural gas, where the gas being condensed is a multicomponent mixture. Heat and mass transfer characteristics of
mixture condensation are of practical importance to the design of heat exchangers.
The condensation process of binary mixtures is more complicated than that of a single component ﬂuid. During
the in-tube condensation of a binary zeotropic mixture, the less volatile component condenses preferentially, resulting
in a locally higher concentration of the more volatile component in the vapor near the vapor-side interface. The con-
centration gradient between the vapor interface and bulk vapor causes back diﬀusion of the more volatile component
towards the bulk and of the less volatile component towards the interface [1]. Moreover, the higher local concentration
of the more volatile component results in a lower local saturation temperature. Therefore, during the whole condensa-
tion process, the temperature keeps changing with the variation of the concentration. A concentration gradient and a
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Nomenclature
C0 initial bulk concentration
D diameter [m]
H speciﬁc enthalpy [J/kg]
h heat transfer coeﬃcient [W/m2·K]
k mass transfer coeﬃcient [kg/m2·s]
M condensation rate [kg/m3·s]
D mass diﬀusion coeﬃcient
P pressure [Pa]
Pr Prandtl number
Q heat ﬂux [W/m2]
Re Reynolds number
S c Schmidt number
S h Sherwood number
T temperature [K]
V velocity [m/s]
X mass fraction of the more volatile component in liquid
x vapor quality
Y mass fraction of the more volatile component in vapor
z axial coordinate along the pipe [m]
Greek symbols
α void fraction
λ thermal conductivity [W/m·K]
ρ density [kg/m3]
μ viscosity [Pa·s]
τ shear stress [N/m2]
Subscripts
1 component 1
2 component 2
i interface
l/lo liquid/liquid only
v/vo vapor/vapor only
w pipe wall
temperature diﬀerence also exist between the liquid and liquid-side interface. The concentration shift and the variable
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ﬂuid temperature are the two main diﬀerences between the condensation of mixtures and of single components. For
these phenomena of mixture condensation, the heat and mass transfer characteristics should be studied speciﬁcally.
The aim of this work is to study the heat and mass transfer characteristics of binary mixtures condensation by
equilibrium and non-equilibrium models, and to investigate the eﬀects of heat and mass transfer resistances on the
condensation length by comparing the results of these models. Before introducing this work, some deﬁnitions and
restrictions should be speciﬁed. The heat and mass transfer resistances mentioned in the whole work are corresponding
to the temperature diﬀerence and the concentration diﬀerence between the bulk and interface, respectively. The model
in this study deﬁned as equilibrium or non-equilibrium depends on whether it considers the mass transfer resistance.
The equilibrium models do not include the mass transfer resistance, such as Silver [2] and Bell & Ghaly [3] models
which assume that the multicomponent condensation process follows the condensation curve. This kind of approach
is widely used in the industry for the design of multicomponent condensers. The non-equilibrium models are more
physically realistic. For example, the ﬁlm-theory based models [4] lead to design procedures involving calculation of
the local heat and mass transfer rates and their integration over the entire condenser area [5]. Additionally, the heat
and mass resistances discussed in the following sections are restricted to the resistances in the vapor phase. Most
prior work in the literature used two limiting conditions, namely perfect-mixing and no-mixing, to evaluate the mass
diﬀusion in the liquid phase (for example [6]), and it is stated that the former is applicable to vertical condensers where
the two phases remain in close proximity, while the latter is applicable to horizontal condensers where the condensate
is continuously separated from the vapor [7]. Therefore, the perfect-mixing assumption is reasonable for the in-tube
condensation in the present study. The heat transfer in the liquid phase can be treated similarly to the case of single
component ﬂuids by using the mixture liquid properties, and so it is not emphasized either in the present study.
The structure of this paper is as follows. Section 2 describes the diﬀerent models used to simulate the condensation
process. Section 3 presents the case study with the diﬀerent models, and discussion on the results are covered. Final
comments and conclusions are sketched in Section 4.
2. Problem description and present models
Fig. 1. Phase equilibrium (Temperature-Concentration) diagram for R134a/R123 at 0.495 MPa. The circled numbers represent the four statuses of
the vapor phase, as described in the text.
In this work, four models including the equilibrium and non-equilibrium conditions are used to study the conden-
sation process along a horizontal pipe with given mass ﬂow rate, temperature and concentration of the mixture at the
inlet. Fig. 1 shows the phase equilibrium diagram of the zeotropic mixture R134a/R123 at pressure 0.495 MPa. Dur-
ing the real condensation process, the less volatile component (R123 in this case) with the higher boiling temperature
condenses preferentially. This in turn results in that the mixture at the vapor-side interface has a locally higher con-
centration of the more volatile component (R134a in this case) than the bulk vapor. Table 1 compares the properties
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of the mixture R134a/R123 and hydrocarbon mixture methane/ethane at the same reduced pressure. The mixtures’
properties vary with their concentration, thus the range of the properties is given. It can be seen that the maximum
temperature glide of the mixture methane/ethane is much higher than that of the mixture R134a/R123, which may
cause larger mass and heat transfer resistances.
Table 1. Properties of mixtures R134a/R123 and methane/ethane at the reduced pressure 0.12
Mixtures Max T glide (K) ρl/ρv (kg/m3) μl/μv (×10−5Pa·s) λl/λv (W/m·K) cp,l/cp,v (J/kg·K)
R134a/R123 26.1
1243.1–1342.9 /
24.1–29.4
22.0–26.7 /
1.2–1.3
0.063–0.085 /
0.013–0.014
1099.0–1384.7 /
818.9–971.4
methane/ethane 55.1
382.9–526.2 /
7.2–10.1
7.1–16.0 /
0.56–0.72
0.137–0.177 /
0.014–0.018
2542.9–3748.7 /
1759.0–2436.4
The diﬀerent assumptions for the status of the vapor phase in the four models are marked in Fig. 1, and the numbers
stand for the corresponding models. Model 1 is an equilibrium model which assumes that the temperature and the
concentration of the vapor phase are equal to those of the vapor-side interface. Therefore, no mass and heat transfer
resistances are introduced in this model. Model 2 assumes that the concentration of the vapor phase is the same as
that of the vapor-side interface, then the mass transfer resistance is neglected. The sensible heat transferred from the
vapor to the interface is computed based on the model proposed by Del Col et al. [8]. Both Model 3 and Model 4
consider the mass transfer resistance in the vapor phase, namely there is a concentration diﬀerence between the vapor
and vapor-side interface. Thus, the interface temperature is also diﬀerent from the bulk vapor temperature. The vapor
is assumed as saturated in Model 3, while it can be saturated or superheated in Model 4. The interface is assumed in
thermodynamic equilibrium in Model 3 and 4. The resistances considered in each model are summarized in Table 2.
The superscript asterisk in Model 3 means that the sensible heat is actually quite small since the vapor temperature
obtained from the equilibrium diagram is very close to the vapor-side interface temperature. Therefore, the heat
transfer resistance can be omitted compared to that in Model 2 and 4 when making the comparison and discussion
later.
Table 2. Summary of resistances included in each model.
Model no. Mass transfer resistance Heat transfer resistance
1 × ×
2 × 
3  ×∗
4  
(∗ means the sensible heat is relatively small compared to that in Model 2 and 4)
The physical model presented in this work describes an annular ﬂow in a horizontal pipe and the mass and heat
transfer during the mixtures condensation, as shown in Fig. 2. The common assumptions for calculation of the mass
and heat transfer of binary-component condensation are: the liquid and vapor are locally at the same pressure; the
ﬂow is annular; and the ﬁlm thickness is circumferentially uniform; the liquid phase is perfectly mixed, namely the
concentration of bulk liquid is equal to that of the liquid-side interface.
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Fig. 2. Mass and heat transfer for mixtures condensation under the annular ﬂow regime
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2.1. Equilibrium models
Under the above assumptions, a one-dimensional steady-state model is expressed as follows. The mass conserva-
tion equations for the vapor and liquid phases, and the combined momentum equation can be written as
d
dz
(αρvVv) = −Mt (1)
d
dz
((1 − α)ρlVl) = Mt (2)
d
dz
(
αρvV2v
)
+
d
dz
(
(1 − α)ρlV2l
)
= −dP
dz
− 4
Dw
τw (3)
where z [m] is the axial space coordinate, α is the vapor fraction, ρ [kg/m3] is the density, V [m/s] is the velocity, Mt
[kg/m3·s] is the total mixture condensation rate, P [Pa] is the pressure, D [m] is the diameter, and τw [N/m2] is the
wall shear stress.
From the heat balance of the system shown in Fig. 2, the wall heat ﬂux can be expressed as
Qw =
Dv
Dw
(Qlv + Qsv) (4)
where the latent heat ﬂux Qlv is
Qlv =
D2w
4Dv
MtHlv (5)
where Q [W/m2] is the heat ﬂux, and Hlv [J/kg] is the speciﬁc latent heat of the refrigerant mixture
Hlv = YHlv,1 + (1 − Y)Hlv,2. (6)
where Y is the concentration of component 1 in the vapor phase. Under the equilibrium condition, the concentration
of the liquid and vapor phases can be obtained directly from the phase equilibrium diagram based on the local pressure
and quality, and they are assumed to be equal to that of the liquid-side and vapor-side interfaces, respectively.
The sensible heat ﬂux in the vapor phase Qsv is neglected in Model 1, while in Model 2 it is computed from the model
proposed by Del Col et al. [8] as
Qsv
Qw
≈ xcp,v dTdH ≈ xcp,v
ΔTdb
ΔHm
(7)
where x is the vapor quality, cp [J/kg·K] is the speciﬁc heat capacity, ΔTdb [K] is the temperature glide, and ΔHm
[J/kg] is the mixture enthalpy change of isobaric condensation.
2.2. Non-equilibrium models
The two components are treated separately in the non-equilibrium models, so that the total condensation rate Mt is
the sum of the condensation rate of each component,
Mt = M1 + M2. (8)
Moreover, equations for individual components should be included in addition to Eqs. (1) – (3). The species conser-
vation equation for the more volatile component in the vapor phase is
d
dz
(αρvVvY) = −M1 (9)
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where Y is the concentration of component 1 in the vapor phase. The condensation rate of the more volatile component
is made up of convective and diﬀusive contributions
M1 = MtYi − 4Dv
D2w
kv(Yi − Y) (10)
where kv [kg/m2·s] is the mass transfer coeﬃcient of the vapor. It is calculated using the Linton and Sherwood [9]
correlation for turbulent ﬂow
kv =
ρvDv
Dv
S hv =
ρvDv
Dv
0.023Re0.8v S c
1/3
v (11)
where Dv is the mass diﬀusion coeﬃcient.
In this way, the latent heat ﬂux in Eq. (5) becomes
Qlv =
D2w
4Dv
(M1Hlv,1 + M2Hlv,2) (12)
where Hlv is evaluated separately for each component at the interface temperature Ti.
The vapor is assumed saturated in Model 3 so that the vapor temperature can be obtained directly from the phase
equilibrium diagram based on the local pressure and concentration. In Model 4, the vapor can also be in superheated
state, thus the energy equation for the vapor phase should be solved
d
dz
(αρvVvHv) − Hvi ddz (αρvVv) = −
4Dv
D2w
Qsv (13)
where the second term in Eq. (13) can be written as
−Hvi ddz (αρvVv) = HviMt = Hvi,1M1 + Hvi,2M2 (14)
with Hvi,1, Hvi,2 evaluated as the saturated vapor enthalpy at Ti for component 1 and 2, respectively.
The sensible heat ﬂux Qsv can be expressed as
Qsv = hv(Tv − Ti). (15)
2.3. Quality, void fraction and concentrations
In the non-equilibrium models, the concentration of the more volatile component in the liquid phase X can be
computed from the species conservation
x =
C0 − X
Y − X (16)
where the vapor quality x can be expressed as
x =
αρvVv
G
(17)
whereG [kg/m2·s] is the total mass ﬂux. The concentration of the liquid-side interface Xi is assumed equal to X given
the condition that the liquid phase is well mixed. As thermodynamic equilibrium at the interface is assumed, the
interface temperature Ti can be obtained from the phase equilibrium diagram.
The void fraction α can be simply estimated from Chisholm’s [10] correlation
α =
[
1 − x
(
1 − ρl
ρv
)]1/2
. (18)
The vapor core diameter Dv is determined from the geometrical relationship based on Fig. 2
Dv = Dw − 2δ = Dwα0.5 (19)
where δ [m] is the thickness of the liquid ﬁlm.
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2.4. Pressure drop model
In this work, Friedel’s [11] correlation is used for the computation of the two-phase multiplier Φ2lo
Φ2lo = (1 − x)2 + x2
ρl fvo
ρv flo
+ 3.24A2A3Fr−0.045We−0.035 (20)
with
A2 = x0.78(1 − x)0.224, A3 =
(
ρl
ρv
)0.91 (
μv
μl
)0.19 (
1 − μv
μl
)0.7
where Fr is Froude number, We is Weber number and μ [Pa·s] is the dynamic viscosity. The friction factor flo, fvo is
computed from Haaland’s [12] equation.
The wall shear stress can be given as
τw = flo
G2
2ρl
Φ2lo. (21)
2.5. Heat transfer coeﬃcients
The heat transfer coeﬃcients of the vapor phase hv [W/m2·K] and the liquid ﬁlm hl [W/m2·K] are computed from
the Dittus-Boelter correlation and the Dobson and Chato’s [13] correlation, respectively
hv = 0.023Rev0.8Prv0.4λv/Dv (22)
hl = 0.023Rel0.8Prl0.4
(
1 +
2.22
X0.89tt
)
λl
Dw
(23)
where λ [W/m·K] is the thermal conductivity, and Xtt is the Martinelli parameter.
2.6. Summary of the models
The models can be summarized by the conservation equations solved and information needed such as Temperature-
Concentration (T-C) diagram and the diﬀusivity data, as shown in Table 3. The conversation equations in these models
are solved by the least-square ﬁnite element method [14]. Only the phase equilibrium diagram is required in the
equilibrium models, while the diﬀusivity data is also needed for the non-equilibrium models. All the thermodynamic
and transport properties of the mixtures used in these models are calculated with the REFPROP database [15]. The
non-equilibriummodels can be extended to an n-component system formulated in terms of an n−1 dimensional square
matrix of diﬀusive mass transfer coeﬃcients in either phase, and the details can be referred to Krishna and Standart
[16] and Toor [17].
Table 3. Summary of the models.
Model no. Conservation Eqs. Information needed
1 (1) – (3) T-C diagram
2 (1) – (3) T-C diagram
3 (1) – (3), (9) T-C diagram, diﬀusivity data
4 (1) – (3), (9), (13) T-C diagram, diﬀusivity data
3. Results and discussions
The four models are employed to simulate the condensation process in Kogawa’s [18,19] experiment for the mixture
of R134a/R123 with initial concentration 0.349/0.651 by mass fraction. The inlet pressure is 495 kPa, the mass ﬂux is
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Fig. 3. Quality variation along the condensation length
300.5 kg/m2s, the tube diameter is 8.4 mm, and the wall heat ﬂux applied here is interpolated from the experimental
data with quadratic polynomials.
The quality variation along the condensation length is shown in Fig. 3. The predicted lengths are compared with
experimental data for condensation up to a thermodynamic equilibrium mass quality of 0.02, shown as the black dot
in Fig. 3. It can be seen that the length given by Model 3 is the closest to the experimental one. In addition, Model 3
and 4 based on ﬁlm theory give better predictions than the equilibrium Model 1 and 2.
It is as expected that the more resistance eﬀects considered in the models, the longer condensation lengths are
obtained. Speciﬁcally, Model 1 including no heat and mass transfer resistance predicts the shortest condensation
length, while Model 4 considering both heat and mass transfer resistances gives the longest length. By recalling Table
2, the eﬀect of heat transfer resistance without and with mass transfer eﬀect can be detected by comparing the group
Model 1 and 2, and the group Model 3 and 4, respectively. Model 2 considering only heat transfer resistance predicts
longer length by up to 14% compared with Model 1. Model 4 predicts 9% longer than Model 3 which includes the
mass transfer resistance. This shows that the heat transfer resistance has a slight eﬀect on the condensation length in
both the equilibrium and non-equilibrium models.
Similarly, the inﬂuence of the mass transfer resistance without and with heat transfer eﬀect can be investigated by
comparing the group Model 1 and 3, and the group Model 2 and 4. It can be found that the mass transfer resistance
has a signiﬁcant eﬀect on the condensation length given the results that Model 3 predicts a condensation length 28%
longer than Model 1, and Model 4 gives a length 23% longer than Model 2.
Moreover, Model 3 has a predicted length 13% longer than Model 2. Therefore, the eﬀect of mass transfer resis-
tance on the condensation length overweighs that of the heat transfer resistance in the present study. It is noticeable
that the result is not applicable to all the cases as it highly depends on the physical properties of the mixture and
the working conditions. It has been shown that the mass and heat transfer resistances are aﬀected by the mixtures
properties such as the Lewis number deﬁned as the ratio of thermal diﬀusivity to mass diﬀusivity. The details can be
found in the work by Webb et al. [20]. In addition, the wall heat ﬂux decreases during the condensation process which
indicates that the mass diﬀusion decreases with the heat ﬂux. The eﬀect of mass ﬂux, heat ﬂux and pressure on the
heat and mass transfer resistances has been studied previously by Deng et al. [21].
Fig. 4 illustrates the variation of concentration of R134a in the vapor phase along the condensation length. The
results of Model 1 and 2 are obtained directly from the phase equilibrium diagram based on the local pressure,
the quality and the initial concentration. It can be seen that when the condensation begins, the concentration of
R134a in Model 3 is slightly higher than that in Model 1 at the same position, which indicates that the less volatile
component (R123) condenses preferentially. After the condensation length is reached, all models end up with the
same concentration of R134a, as expected.
The total condensation ﬂux against the quality and the diﬀusion term in the vapor are shown in Fig. 5. Generally
Model 1 gives the maximum condensation ﬂux at a given total heat ﬂux due to no resistances included. At high quality,
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the condensation ﬂux in Model 2 is lower than the other cases since the model is modiﬁed from the Silver-Bell-Ghaly
type methods by simply replacing the mass transfer resistance with an estimation of the heat transfer resistance. The
estimation may lead to inaccuracies in the industrial design.
It can also be observed from Fig. 5 that the diﬀusion ﬂux in the vapor predicted by the non-equilibrium models
decreases with the condensation process due to the reduction of the concentration diﬀerence between the vapor and
vapor-side interface. Finally, the mass diﬀusion ﬂux almost vanishes at the end of condensation.
4. Conclusion
In this work, the heat and mass transfer characteristics of binary mixtures condensation were studied numerically
with equilibrium and non-equilibrium models. The four proposed models were solved using higher order ﬁnite ele-
ment method. The predicted condensation lengths were compared with experimental values, and the results showed
that the non-equilibrium models give better predictions than the two equilibrium models in the present case. The mass
transfer resistance in the vapor phase has a signiﬁcant eﬀect on the condensation length, and it overweighs the inﬂu-
ence of the heat transfer resistance in the vapor phase. The equilibrium models are simpler, computationally cheaper
and faster than the non-equilibrium models, but they may under-predict the required length for full condensation. New
52   Han Deng et al. /  Energy Procedia  64 ( 2015 )  43 – 52 
methods that can predict mass and heat transfer accurately and eﬃciently during condensation of mixtures are highly
demanded for the design of heat exchangers. Meanwhile, more experimental and numerical studies should be done
to investigate the mass and heat transfer characteristics and provide accurate correlations for the estimation of mass
transfer rate and sensible heat. For heat exchangers design, especially in the natural gas liquefaction system, there
might be greater heat transfer resistance due to the large temperature glide of the mixtures such as ethane/methane.
The ﬂuid physical properties should also be carefully considered.
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